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TIXCHNICAL NOTE D-1148

A CORRELATION $TUDY OF THE BOW-WAVE FPROFILES OF
BLUNT BODIES

By Alvin Seif{ and Ellis E. Whiting

SUMMARY

A study was made of experimental bow waves and bow waves calculated
by numerical integration of the flow egquations, for blunt-nosed bodies of
revolution. The purpose was to obtain a systematic description of the
bow-wave profiles and to find how they varied with nose shape, Mach number,
and total enthalpy. ZEmphnasis was placed on the nose region as well as on
the downstream region of the waves. The method of approach was to fit
equations of the form suggested by blast-wave theocry to the bow-wave pro-
file data, and to seek corrslations of the constants in the equations.

The study included scven blunt-nosed shapes, Mach numbers from 3.5 to 19.3,
and corresponding total enthalpies from %00 to 8100 Btu/lb.

The power-law equation, which is the generalized form of the blast-
wave theoretical equation, could in all cases give a good representation
of the bow-wave profiles. In one case =- the hemispherical nose -2 single
equation describes the wave over the entire surface from the axis to the
downstream station where the Mach angle limitation begins to affect the
profile. In general, however, two or more sets of coefficients in the
equation are required to describe the complete wave. For bodies blunter
than the hemisphere, for example, two equations are needed - onc for the
nose region and one for the downstream region.

The coefficients in the equation vary systemotically with Mach number
or with total enthalpy for any given configuration, but ccrrelate better
with the total enthalpy. In the case of the power=-law cxponents for the
downstream wave regions, a single curve gives a gocod approximation to the
variation with total enthalpy for four of the seven bodies investigated,
the hemisphere and the thres blunter shapes. It was alsoc found that the
constant of proportionality in the equation varies with the fourth rooct of
the dreg coefficient, a result given by blast-wave theory. For the very
blunt shapes, the exponent in the nose region is lower than in the down-
stream region. The ratic of these exponents is nearly a fixed fraction
for any given nose shape, and depends on the nose fineness ratio.



INTRODUCTION

Bow=wave profiles of blunt-nosed bodies of revolution in hypersonic
flow are of interest from the standpcint of obtaining a quantitative
description of the flow disturbance surrounding the body in flight. Such
a description can have many applications. In reference 1, for example, a
procedure is given by which the bow~wave profile may be used to obtain the
detailed structure of the downstream regions of the disturbed flow field.
This kind of information would in turn be required to determine the heat
transfer to a cylindrical afterbody, the interference effect of the body
flow field on other vehicle components, or the degree of ionization of the
stream enveloping the cylinder, and so forth.

The shape of the bow wave of a blunt-nosed body is predicted by Lin's
theory of cylindrical blast waves (ref. 2) to be a paraboloid, with the
radius of cross section at any given station depending on the cne-fourth
root of the drag coefficient. This implies that the wave shape is nearly
independent of the shape of the blunt nose; that 1s, all blunt-nosed bodies
generate approximately the same bow wave. This is perhaps a good generali=-
zation for very rough purposes.

One of the first reports to compare experimental bow waves with Lin's
equation was reference 3, where it was noted that for helium flow arcund
a hemisphere cylinder the form of the equation is correct, but the coeffi-
cients have to be adjusted to fit the observed bow wave. Inasmuch as
helium has a different value of the ratio of specific heats, 7, from that
assumed by Lin, it was of interest to find that this conclusion holds for
air also, as noted in reference %4; that is, the coefficients in the equa-
tion must be adjusted for air flow, as well as for helium flow. The
adjusted equation gives a very good fit to a large region of the wave.

Van Hise, in reference 5, added to this picture by correlating the
bow~wave profiles from a number of characteristic solutions for pointed
bodies in perfect air (y = 1.4) at very high Mach numbers. He was able
to correlate the waves of all these bodies, for the region beginning a
few diameters downstream of the body apex, by use of an equation of the
form suggested by Lin, but again with adjusted coefficients. For example,
the power of x (downstream distance from wave apex) in Van Hise's corre-
lation is 0.46 instead of 0.50.

The present investigation began when the authors found that they had
need for bow-wave profile information which could not be satisfied by the
previously published information. The published informastion is deficient
primarily in that it is not applicable to the nose region, which is usually
the region of greatest interest. Other limitations are that no systematic
body of information is available for blunt-nosed configurations, and that
much of the available information is for constant ratios of specific heats
of 1.4 and 1.67, in contrast to real air flows in which the ratio of
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specific heats is variable and usually smaller than 1.4, The present
paper will not definitively f£ill the need for this extended information,
but will be aimed at contributing toward it.

Specifically, the bow=wave profilles of a number of blunt-ncsed bodies
were measured and studied for both the nose regions and the downstream
regions of the waves. The waves were fitted by equations of the form
suggested by the blast-wave theory, and an effcrt was made to correlate
the coefficients in the equations in terms of nose shape, Mach number,
and total enthalpy. The shadowgraphs came from previously completed test
programs in the Ames Supersonic Free~-Flight Wind Tunnel (refs. €
through 10). The data cover the Mach number range from 3.5 to 16 with
a corresponding range of total enthalpies frcm about 400 to 2400 Btu/lb.

SYMBOLS
a coefficient in equation (%)
Cp nose pressure drag coefficient, dimensionless
d cylinder diameter, ft
dy, diameter of spherical tip, ft
hg total enthalpy, Btu/lb
k coefficient in equation describing bow=-wave profile,
dimensionless
<§;L nose filneness ratio
Moo free=-stream Mach number
m exponent in equation (%)
n exponent in equation describing bow-wave profile, dimensionless
rg radius of cross section of shock wave, ft
R nose radius of curvature, ft
bd coordinate along body axis, zero at wave apex, ft
4 ratio of specific heats
v Mach angle, deg

6 cone half-angle, deg



Subscripts

D downstrean

hs hemisphere

PRESENTATION OF DATA

Method of Analysis

Lin's equation Tor the bow-wave profile is

ro/d = 0.80 CD1/4(x/d)l/2 (1)

The more general equation which is found in references 3 through 5 to fit
certain regions of experimental and exact theoretical bow waves 1is

ro/d = k(x/d)n (2

I
~——

Equations of this form plot as straight lines on logarithmic plotting
paper. Hence, a convenient way to test the applicability of equation (2)
to a given experimental shock wave is to plot its coordinates on loga-
rithmic paper. If the plot is straight in any region, equation (2) applies
in that region, and k and n can be evaluated. This 1s the procedure
which was applied to the present data.

Results obtained will be discussed in three sections: Hemispheres,
Noses Blunter Than Hemispheres, and Round-Nosed Cones. The configurations
studied are shown in figure 1. Although not shown in the figure, the
afterbody configurations varied; for example, some of the noses were tested
without an afterbody. These variations are not believed to have impor-
tantly affected the results obtained, since when the afterbody was missing,
the measurements were limited to 2 or 3 diameters downstream of the nose.

Hemispherical Noses

logarithmic plots of the shock waves from two hemispherical noses
are given in figure 2. Substantial regions of these plots can be very
well fitted by straight lines. The fitted equations are given in the
figures. It can be seen that these equations describe the wave into the
nose region, up to sbout x/d = 0.1 in figure 2(b).

A total of 11 hemisphere and hemisphere-cylinder shadowgraphs were
treated in this way and the results are summarized in table I. Four shock
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waves from theoretical solutions are also included in the table and will
e discussed later in the report. The constants listed as ko and n»

are coefficients appropriate to the main body of the wave. In cases where
o better fit to the nose region of the wave (x/d < 0.3) could be obtained
by a second straight line, coefficients designated %, and ny are listed.
Tt is problematical for the case of the hemispherical nose whether these
deviations in the nose region are real or are due to measurement errors
which are maximum in the ncse region. These deviations will be further
considered under Discussilon.

Far downstream, the weve angle must approzch the Mach angle and remain
nearly constant. Then the equation of the wave tecomes

"5 _ = ten u (3)
X = X

where xo 1s the intercept of the asymptote on the axis of symmetry. On
logarithmic paper, for X »> Xg, equation (3) deceribes a straight line
of unit slope. Hence the profiile data can be expected to approach unit
slope in the far downstrean region. A tendency to turn toward this limit
is apparent in figure 2(a) at x/d > 10. This region of the wave was not
of primary interest to the authors and will not be discussed.

Noses Blunter Than Hemispheres

Figure 3 shows logarithmic plots of the bow waves of a flat-faced
circular cylinder, a conve:x spherical-segment Zace, anc. & l/T-power nose,
21l at Mach numbers slightly above 1k. TIn these cases, very plainly, a
single straight line will not fit the data for the nose region and the
downstream region. However, two straight lines will come very close to
giving the ordinates of the wave at all stations from x/d of 0.1 to 10.
At the intersection of the two straight lines, a discontinuity in wave
angle is implied by this representation, which is clearly unrealistic.
When wave angle is desired, suitable smoothing orf the intersection is
required.

A physical interpretation of the change in line slope is as follows:
In the forward region, the wave radius of cross section is forced into
rapid growth by the rapid growth in cross section of the blunt nose. The
exponent n assumes values as low as 0.3. If the exponent were to be
reduced to zero, the wave would become a step wave and hence would match
the conbour of the flat-faced cylinder. In the downstream region, a
growth rate closer to that predicted by blast-wave theory is permissible.

Values of the coefficients k and n are given in table I for the
three noses blunter than hemispheres, for both the nose region and the
downstream region. The points of intersection of the two regions can
easily be determined by solving their defining equations simultaneously.
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Round =-Nosed Cones

In figure M, the logarithmic plot of two wave profiles from round-
nosed cones shows them to be more complicated than the other cases. How-
ever, remarkably enough, the waves can now be represented by three
straight~line segments. The nose region line is the one that would be
expected to be generated by the spherical tip (see lines marked "expected
sphere wave," fig. 4). A transition section occurs beginning where the
conical part of the body predominates in defining the wave profile. A
far downstream section then begins, and it 1s the latter section that
would be expected to agree most closely with blast-wave theory. A shadow-
graph picture is presented in figure 5 marked to show the intersections
of the three line segments. Data cocllected on round-nosed cones are given
at the end of table I.

DISCUSSION AND CORRELATION

The data presented above are evidently very complicated. Certainly,
in the region near the nose, special rules will be needed for each class
of body. In addition to the nose shape, other significant variables
include the flow Mach number and total enthalpy. The latter would be
expected to influence the wave shape primarily through its effect on the
ratio of specific heats. An effort will now be made to systematize this
information, insofar as possible, beginning with the hemispherical nose.

Hemispherical Nose

The data collected in table I on the coefficient k and the expo-
nent n for x/d > 0.3 are plotted against Mach number in figure 6. The
variation is systematic with relatively small scatter. As noted in the
legend, the square symbols represent cases 1in which the maximum rearward
extent of the data was to x/d < 2. These cases always fell slightly

below the curves faired through the data which extended farther downstream.

If the presentation is limited to the open circular data points, the
scatter is very small indeed.

The filled and half-filled data points were obtained from the
theoretical solutions for the flow about hemisphere cylinders. The
three filled symbols were obtained from sclutions privately communicated
by the General Electric Company; these were calculated by the method of
reference 11. The half-filled symbol was obtained from data given in
reference 12. These results are close to the curve through the present
experimental values. It was suspected that the remaining disagreement
might be partly due to large differences in total enthalpy between these
results and the experimental results (see table I). A plot of the circu=-
lar data points was therefore made with total enthalpy as the independent
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varigble. The resulfts are shown in figure 7. Here, the solid points can
be smoothly connected with tne present data, but the half-filled point
still cannot be brought precisely into line unless the wvariation of the
exponent n with enthalpy is permitted to show a minimum at about

2000 Btu/lb.

The total enthalpy is & measure of the speed 2nd hence of the degree
of disscciation, and excitation in the disturbed gzs layer. However, the
equilibrium composition of thae gas also depends, to a lesser extent, on
the density level in the disturbed flow field and hence in the free stream.
Thus, it is to be doubted that one curve would correlate all possible com=
binations of speed and altitude, particularly if the variations in ratio
of specific heats in the downstream flow field play a measurable part in
determining the wave profile. This may be the explanation of the imperfect
correlation of the data point from reference 12 which was for the case of
a high speed and a low altitude. Figure 7, in this view, wculd be thought
of as one member of a clcsely spaced family of curves, representing dif-
ferent flight altitudes. Hcowever, it should be admitted that the failure
of the one point to correlate may also be due to some inaccuracy in the
thecretical solution.

The nose-region constants from table I are plotted against Mach
number in figure 8. The upper two sections of the figure show these data
compared with the curves of figure €. It can be seen that the scatter is
rather appreciable, but that the nose-region data may lie a little above
the downstream curves. The lower part of the figure shows the station of
transition from nose region to downstream coefficients. The trend is for
this station to move rearward with increasing Mach number. For many pur=
pocses, these deviations in the nose region of the wave profile could be
neglected in the case of the hemispherical blunt nose.

Noses Blunter Than Hemistpheres

Downstream region.~ A presentation of the downstream wave coefficients
in terms of Mach number is shown in figure 9 for the three noses blunter
than the hemisphere. The hemisphere curves from figure & are also repro-
duced. As with the hemisphere, these data show regular variation with
small scatter. Note that only one data point is presented for the convex
circular-arc blunt nose.

The variation of the coefficient k with Mach number, in the case
of the l/?-power nose, is not very similar to those for the hemisphere
and the flat nose. This is believed to be due to the nearly constant
value of total enthalpy which was maintained for this model over the Mach
number range from 7.7 to 14.5 (see ref. 7). As a result, the relation
between total enthalpy and Mach number for this configuration is not the
same as for the other two bodies with which it is compared. In figure 10,
the data are plotted against total enthalpy, with the hemisphere data
brought forward from figure | (circular symbols). An improved comparison



is obtained. In fact, for the exponent n, one curve can be used to
represent all the test bodies. In a certain region, the data for the
flat-faced body fall below this curve, but only by about 1 or 2 parts

in 50. The improved correlation compared to figure 9 indicates that, at
hypersonic speeds, the total enthalpy is more important than the Mach
number in defining the wave profile.

The flagged point, which has been included for completeness, disagrees
with the other data for an apparent reason. This point is for a low test
Mach number, 4.5, for which the approach to the Mach angle begins at very
low x/d. If the data in this case are restricted to x/d < %, the alter-
nate values of the ccefficients shown in figures 9 and 10 at the same Mach
number and enthalpy are obtained, in better agreement with the higher speed
data.

Nose region.- The important change in wave coefficients in the nose
regions of these very blunt bodies is shown in figure 11. The change in
k is not too great (compare with the curves for x/d > 2 brought forward
from figure lO), but the exponent n goes down with increasing total
enthalpy as the bow wave conforms increasingly to the shape of the nose.
Values approaching 0.3 are obtained at the highest test speeds. It is
intcresting, however, that over the test range, the ratio of nose-region
exponent to downstream exponent remains relatively constant, decreasing
only a little with increasing total enthalpy. This is shown in figure 12,
where the ratio of exponents for the nose and downstream regions is plotted
against the nose fineness ratio. (On the abscissa, zero represents the
flat face, and 0.5, the hemisphere.) This presentation correlates the
nose-region exponents reasonably well. The greatest scatter occurs in
the case of the hemisphere, but, as noted earlier, the nose-region data
for the hemisphere exhibit appreciable scatter due to measurement errors.

The stations of transition from nose region to downstream regicn,
given in the lower part of figure 11, are generally between 1 and 2 diam-
eters Trom the wave apex, and show relatively little variation with total
centhalpy. In fact, the variation is within the scatter.

Round~Nosed Cones

The downstream wave constants for the round-nosed cones are plotted
against total enthalpy in figure 13, and compared with curves brought
forward from figure 10. The values of k for these bodies are lower
than those for the hemisphere, which is gqualitatively consistent with the
lower drag coefficients of the round-nosed cones. (See table T and
fig. 10.) However, the exponents, n, for the round-nosed cones do not
correlate very well with those of the blunter bodies. In some cases, this
may be due to the fact that the wave profile data did not extend far enough
downstream to define properly the downstream wave equation (see, e.g.,
upper curve, fig. 4). However, the cone bow waves are less smooth in the
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nose region than those of the other bodies, exhibiting abrupt changes in
curvature due to strong localized expansions, and so forth, and these
disturbances require some distance downstream tc become distributed. This
might be expected to result in the poorer correlation shown.

The nose-region waves of the round-ncsed cones can be approximately
described on the basis of some empirical observations. The beginning
section of the wave is genecrated by the spherical nose, and can be com-
puted with the aid of figure 7. (Note that 4 1in equation () must for
this purpose, be the dizmeter of the spherical tip.) When the sthere
wave becomes approximately parallel to the conical surface, a stralght
(conical) section of the wave begins. For core half-angles around 30°,
the wave angle in this region is about l/: degree greater than the cone
angle. For noses of about the proportions shcwn at the right in figure 1,
the straight section can bte assumed to run to the model base. However, if
the nose radius is small, so that the cone runs back a considerable dis-
tance behind the spherical tip, the wave must curve outward to approach
the wave angle that would be associlated with the pointed cone. These con-
siderations plus a little engineering judgment can lead to a fairly good
estimate of the nose-regicn wave profile.

Variations in the Coefficient k Witk TCrag Coefficient

The blast-wave theory predicts that the coefficlent k 1is propor-
tional to the one-fourth root of the drag coefficient (eg. (1)). The
extent to which the presert data for the downstream region of the waves
conform to this will now Le considered. If it is assumed that

- (4)

k = aCD

then

kyg = aCDhsm (%)

and, If a 1s independcnt of nose shape,

Koo < ) )m ()
1 C ~
uhs DhS

The data on k have been plotted in the ratio form of equation () on
logarithmic peper in figure 14. This presentation, under the assumption
of equation (4), would iend to a straight line plot for 211 the bodies
tested.

For the bodies blunter than hemispheres, Cp > CDh , this is the case.
8

A single line can represert the data with small scatter. The slope of the
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line, 0.26, confirms the blast-wave theoretical prediction. The lower
drag configurations in this figure are round-nosed cones, and again do
not correlate precisely with the other data. However, they disagree by
less than 10 percent, and as such, may be said to agree with the theory.

The coefficient a in equation (4) takes values higher than the 0.80
given by the theory, between 1.0l and 1.04 for hemispheres and blunter
noses in the present test range, but decreases slowly with increasing
total enthalpy. For the round-nosed cones, 1f m 1is assumed to be l/h,
0.95 is a better value for a.

A summary equation for the downstream regions of the waves may be
written

ro/a = 1.03 oyt *(x/a)("s) (1)

where the function n(hS) is given graphically in figure 10. The gener-~
ality of equation (7) could be improved by replacing the constant 1.03
by a suiltable, slowly-varying, second function of hS which the present
data do not adequately define. Equation (7) is recommended for noses
blunter than hemispheres.

CONCLUDING REMARKS

These studies show that the various sections of bow-wave profiles
generated at hypersonic speeds by blunt-nose bodies can most often be
represented by power-law equations. One case has been found, the hemi~
sphere cylinder, in which a single power=-law equation describes the entire
profile back to where the Mach angle limitation begins to influence the
wave. Other cases of this kind may be found; for example, ellipsoidal
noses of fineness ratio near 0.5 might have this characteristic. Noses
appreciably blunter than hemispheres have wave profiles representable by
two power-law equations, one for the nose region and one for the down-
stream region.

The coefficient and exponent in the power-law equation for the down-
stream section of the wave can be correlated as functions of total
enthalpy, when the Mach number is hypersonic. A single functilonal
dependence of the exponent on total enthalpy was found to apply to four
of the seven bodies studied, the hemisphere and the three noses blunter
than hemispheres. The constant of proportionality was, for these cases,
proportional to the fourth root of drag coefficient, as predicted by
blast-wave theory. For the nose region, correlation curves for the
coefflicient and the exponent were obtained for each nose shape in terms
of total enthalpy. It was noted that the nose~region exponent is nearly
a fixed fraction of the downstream exponent for each of the blunter-than-
hemispherical noses, and that this fraction depends on the fineness ratio
of the nose.

H Ovo



= UN Y e

11

While the bow waves of round-nosed cones were less regular in their

behavior than the other bodies studied, certain otservations concerning
these waves alsc were made, which should provide & basis for first
approximations of their profiles.

Ames Research Center

Ch

National Aeronautics ard Space Administration
Moffett Field, Calif., Sept. 27, 1901
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TABLE I.- SHOCK-WAVE DATA AND TEST CCNDITIONS

13

Hemisphere cylinder

Model 4 Measurement region
h, T p X10%,
1 . Sy 00, e C
G Mo | peafin| OR | slug/er? | D k2 o Sl I x/a | x/a
min max
0.2137 | 3.%0 4p1 | 930 | #2.70 0.9% .06 | 0.543 0.15 L.oo
1.903 3.50 43 | 530 | 22.7 1.24 0.516 012} .09
2137 | 9.8 908 [ 190} 9.35 ) 1.0h 460 .30 8,00
L750  [11.50] 1246 | 192 g.88 1.02 RITEES .03 .27
750 [11.92| 1306 | 193] 9.53 | N 2503 1.01 Jhldy .10 3.00
1.159 |14.00| 1795 | 190 &.7 ?.F 1',%%“ T tes | a5 ok | koo
200 |1h.34| 1878 | 188] 9.18 o '_0 1‘7 .- ] 1.00 ko .20 150
Theory |18.03| #2ok | 390| 2.25 R A 937 4RO .50 | 25.00
18.10f 8114 | 509 .01k .90 o .90 5.00
l 18.24f Bi12 | 500 035604 .91 45k 1.00 5.00
19.25| 8103 | u4bg L005118 .39 L 2.00 5.00
1.200 7.0k 554 | 189 [ 10.11 1.0k a7 1.03 453 No3 2.09
1.500 8.20 991 | 300 | 12.00 1.07 481 1.04 Ll .10 .0
1.184 9.34 821 | 191 &.f2 1.20/2.11 | 524/ hol | 1.03 453 .20 1.30
1.159 (14%.00] 1795 | 190 £.73 .68 430 .20 1.50
1/7~power nose
1.200 3.48 399 | 520 .95 1.26 RIS 1.24 Sk .04 2.7
1.1983 | 7.59 375 | 291 1.02 1.00 .39k 1.06 T .08 3.7
1.200 7.68] 1hob | 536 1.05 1.07 383 1.06 sk .03 2.5
1.200 [10.10] 15tk | 205 1.07 1.08 .350 1.06 R g .of 2.
1.200  [1C0.34| 1514 | 265 1.07 1.0k .389 1.03 .b3g .10 2.0
1.200 [1k.50| 21737 | 91 1.10 1.07 2365 1.04 435 .10 3.0
Flat-faced cylinder
509: | hose 6530 | 527 | 23.20 1.65 1.40 Riski 1.35 a7k .10 4.0
5092 | k.50 530 | 527 | 23.20 1.65 1.17 576 L.00 7.00
5220 | 9.29 359 | 188 | 9..8 1.70 1.28 2350 1.21 hhe .10 8.0
.5202 |10.22 937 | 188 | 9.5k 1.70 1.29 .357 1.23 L4360 .10 9.0
L5009k {14,081 1838 | 192 9.3% 1.70 1.26 396 1.16 Jhhs L1k Q.0
L5004 {14.301 1930 | 192| 9.36 1.70 1.22 231k 1.1% hhs .20 4.0
Convex spherical segment (R = d)
450 llh.g,ﬁl 1820 I 1‘89| 8.k ] 1.5‘7( 1.02 [ .383 ll.L’l l .h52| .11 l 9.0
Round-nosed cones
Model
- 8 a hg, | m x10%
diam.,| . ? ST S o | P ¢ - Ktran- | Btran- .
inam ' aeg d o Btu/1b | °R Sl:g/fta D 1 m sition sii?on k2 2
1.725 |30 0.333 53.3 1029 {300 | 17.40 0.54 | 0.550 [0.4:0| 0.780 0.789 | 0.510 | 0.554
1.19% |30 333 |16.03 | 235% [ 137 | B.97 .52 shko | wes| L7wo L7 L8200 | 479
1.19% |30 333 |6.12] 2374 [ 197 8.97 .52 533 | .a22| L7k0 78 .800 | .u8L
-2300 |30 -T15 [15.05 | 2075 | 1391 9.185 | .68 N 5701 LET5 | 455
-2587 {22.5 | 596 |1h.9 | 2035 | 195 ] 15.15 478 75 | .55
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Figure 1.- Nose shapes included in study.
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Figure 3.- Logarithmic plots of bow waves from bodies blunter than
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Figure 4.- Logarithmic plot of bow-wave profiles for 300 half-angle
round-nosed cones.
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Figure 5.- Shadowgraph of round-nosed cone of 300 half-angle and
dt/d = 0.333 at a Mach number of 16.0.
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Figure 9
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hemispheres on the basis of nose fineness ratio.
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Figure 1U4.- Correlation of constants k on basis of nose drag coefficient.
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